Abstract The modern forms of key equation of surface thermodynamics are analysed. The generalized Laplace equation iiicludes anisotropy of surface tension and the second order curvature terms. The Generalized Young equation includes the line work and the line curvature. The generalized Gibbs adsorption equation for solid surfaces includes anisotropy of surface tension and of chemical potentials and is mitten also in terms of surface work. Universal interrelations between surface energy, cohesive energy, and the vaporization heat are derived, and their dependence on the surface structure of matter is established. 'the role of the surface and line tensions in formulation of the equilibrium and stability conditions is discussed.
INTRODUCTION
The work of formation of unit area of an interface is the main quantity of the surface thermodynamics. The process of formation of a new surface can be carried out in two possible ways: t l s stretching an initial surface and doing work against the forces of surface tension o r as cutting off (clearing) a body and doing work against cohesional forces. Designating the first work as Y and the second work as G , one may say that, for anisotropic surfaces, r' may depend on the direction on the surface, whereas d is, evidently, a scalar quantity ( G may be dependent of the direction of the crystallographic plane, but not of the direction of the surface).
Gibbs (ref.?) first recognized the difference between Y
and d for the case of solids. AS was shown by the authors (ref.d), this difference is caused by the nonuniformity of chemical potentials near the surface, i.e. by the absence of the diffusional equilibrium which is attained especially slowly for solids. diffusion is absent at all in the model of a perfectly elastic body with all particles to be considered as fixed in the crystalline lattice. AS for real solids at low temperatures, diffusion proceeds slowly and often is not completed after the time of experiment. A difference between d and 6 is obvious to exist not only for solids, but also for nonequilibrium fluid surfaces for which the diffusional equilibrium has not yet been established. rbioreover, this difference appears a l s o for the equilibrium surface of a polar liquid if the liquid is subjected to the action of an external electric field (ref. imagine that a surface element between phases a and J is shifted along the normal, i i T , the work of a small deformation will be
where p, is the normal pressure in the adjacent phase ( CL or J3 ), A = L1L2 area of the surface element with principal linear dimensions L1 and L2, c1 and b2 the principal curvatures of the element, C, and C the corresponding coefficients, m the excess of mass per unit agea, g the acceleration of gravity, h the hight of the element.The first term is the work produced by the bulk phases while shifting the surface element. The second and the third terms represent the work of stretching or contracting the surface element while it moves along the normal. Simultaneously, the curvature of the element changes, which yields the work given by the fourth and the fifth terms. The last term corresponds to the work of a displacement of the surface element in the gravitational field.
The Laplace equation is a mechanical equilibrium condition which means that the total force acting on the surface element is zero. Hespectively, the work of elementary deformation of the element is also zero. Equalizing ( 2 ) to zero with taking into account the geometrical rela-
, and dh/dN = cos Y , we get the gefteralized Laprace eauation
where f is the angle between the vertical and the normal to the surface. It is seen from eq.(3) that the normal pressure difference in adjacent phases is caused by the curvature and the inclination of the surf ace.
In the absence of the gravitational field, eq.(3) changes into the result by Rusanov and Krotov (ref.8) Two last terms may be neglected if the surface curvature is not great.
In t h e case of a n i s o t r o p i c s u r f a c e , c e n t bulk phases a r e a l s o i s o t r o p i c , normal p r e s s u r e pN may be r e p l a ced with i s o t r o p i c p r e s s u r e p i n a bulk phase. Then e s . ( ) ) becomes
-c 2 c
c.-) + mg cos Y I n t h e absence of g r a v i t y , e q . ( 6 ) changes i n t o B u f f ' s formula ( r e f . l O )
iu'eglecting t h e second and t h e t h i r d terms on t h e right-hand s 
Yhe Laplace e q u a t i o n determines t h e shape of tile s u r f a c e o f c a p i l l a r y bodies and makes t h e basement for many methods of measuring s u r f a c e t e n s i o n . It should be noted t h a t t h e i n f l u e n c e o f g r a v i t y on t h e shape of t h e s u r f a c e may be e s s e n t i a l f o r macroscopic bodies w i t h a consider a b l e d i f f e r e n c e i n d e n s i t y between phases oc and p because p r e s s u res i n t h e bulk phases chal;ge under t h e a c t i o n of g r a v i t y .
EQUILIBRIUM AT THE THREE PHASE CONTACT LINE. THE GENERALIZED Y O U N G EQUATION
i f s e v e r a l i n t e r f a c e s meet each o t h e r a t t h e same l i n e , t h e mechanical e q u i l i b r i u m conditioii i s expressed as t h e f o r c e balance
where f' to a given element of the line:
u e t t h e mechanic@ s t a t e o f t h e t h e s u r f a c e t e n s i o n t e n s o r , s c d a r product of t e n s o r Y and t h e u n i t v e c t o r , 3 , of t h e normal i s t h e f o r c e p e r u n i t l e n g t h o f t h e l i n e produced by t h e k. ?hen f o r c e 5k i s determined as a t h s u r f a c e be ,iven by
Substituting ( I I ) into ('lo), we express the mechanical equilibrium condition at the phase contact line through the surface tension tensor o f converging surfaces:
According to ( I i ) , f o r the case of isotropic surfaces, force equal to surface tension Xlc :
fk is
and eq. (12) changes into the known vectorial ilewnann equation which holds at each element of the phase contact line. Equation (14) is called Neumann's triangle in case o f the three-phase line.
hiolecular structure and the pressure tensor field have been changed at the phase contact line, which results in appearance o f line tension, Z , an one-dimensional analog of surface tension. Line tension is directed along the phase contact line and contributes to the mechanical equilibrium condition if the line is curved. hore accurately, eq. (14) are valid.
The mechanical equilibrium conditions expressed in (12), (14) - (16) are applicable only to fluid systems where tensions exist usually at interfaces and their linear boundaries and cannot be in the bulk as in the case of solids. i3ut if at least one phase is solid, internal stresses arise in the bulk of a solid under the influence of surface forces near the phase contact line, and these stresses should be included into the force balance, eq.(lO). The simplest example is a drop (L) on a flat surface between a solid ( S ) and a gas (V) with contact angle 0.
izn the absence of the drop, tension d S V acts on the solid surface (double subscripts refer to the corresponding interfac-es). dh%n the drop is present, there appears the additional force IILv + i f s L + internal stresses in the solid. There are no doubts about the reality of this force since it leads to two experimentally observable phenomena: (i) rapid deformation of a solid along the three-phase line with formation of a ridge which is noticeable for bodies with a low elasticity modulus; (ii) slow diffusion of the substance of a solid to the three-phase line (more noticeable at higher temperatures) which also leads t o the ridge formation (diffusion is caused by lowering chemical potentials in the region of the three-phase line due to internal stresses). It is not difficult to understand that the force given by the left-hand side of eq.(16), may be compensated by internal stresses in a solid at any given value of contact angle 0. Hence, the mechanical equilibrium condition at the three-phase line on a solid is not related t o a definite contact angle. This is the principal difference between the cases of solid and liquid phases. In both cases, the drop in a final equilibrium state adopts the shape of a lens, but contact angle is determined by eq.(16) (i.e. by a set of surface tensions in case of a large drop) only for a liquid substrate.
Thus, mechanical equilibrium for the wetting of a solid is possible, in principle, at an arbitrary value of contact angle. By contrast, thermodynamic equilibrium is attained at a unique definite value of contact angle. This equilibrium angle 8 can be found from the condition of a minimum of free energy for the three-phase system. The most complete solution of this variations1 problem, including line tension and gravity, for an arbitrary relief of a solid surface results in the generalized Young equation (ref. The role of the third term on the right-hand side of (17) Additionally to the substance of the solid, there may be other components in surface layer which may be adsorbed and desorbed and move freely passing from surface layer to the surroundings. Such component are called mobil (let us denote them with subscript i). Quantity 6 is defined with respect to mobil components as the surface density of grand thermodynamic potential: 
The tangential strain is assumed here to be the same for all elementary layers.
Considering only tengential changes, eq.(24) may be written 33) is used for the calculation of surface entropy and adsorption. In the case of solids, it is experimentally easier to measure adsorption, and eq.(33) may be applied to compute a change in G due to adsorption.
INTERRELATIONS BETWEEN SURFACE ENERGY, COHESIVE ENERGY, A N D THE VAPORIZATION HEAT
R s is known, all surface quantities are dependent of the structure of surface layer and, hence, it is not easy to relate them to bulk quantities. If so, is it possible to find a universal interrelation between surface and cohesive energies (the latter may be characterized by the vaporization heat)? hiany investigations was done to answer this question. The first result was the known Stefan rule (ref. 16 is a difference between the internal energy of the system and that of the gas of the same molecules in the limit of zero density at the same temperature. If ei is the energy per mole of the ith component of the gas, the total energy of a two-phase system may be represented as
where Ni is the total number of moles of the ith component in the system. kiespectively, the excess surface energy is 
The excess surface cohesive energy, Uc , is defined as
where V is volume, Crc and ~'3 are the phase symbols.
Volume V and all other excess quantities in eq.(35) depend on the position of the dividing surface. If we choose the position where the condition holds
(this is the equimolecular surface in case of an one-component system), eq.(35) is reduced to --
This means, in particular, that the specific surface energy, u , is the excess cohesive energy per unit area for the equimolecular dividing surface in an one-component system.
For the dividing surface given by ( 3 7 ) (position l ) , eqs. ( 3 6 ) and (38) yield 
where A is the area of the dividing surface given by (37) (the equimolecular surface in case of an one-component system). dquation (42) is a rigorous universal relationship relating surface energy to the difference of the cohesive energy densities in the adjacent bulk phases. The linear parameter AV/A depending on the structure of surface layer plays the role of a coefficient. 
In the case of a flat interface, local densities c and w depend only on z, and eq.(46) becomes
The integrand in eqs. (46) and (47) becomes zero inside the bulk phases, so integration is carried out actually only over the nonuniform SLWface layer. Since both the dividing surfaces are located inside s u rface layer, distance A Z should not exceed the effective thickness of surface layer which is oi' order of molecular or atomic dimensions for an one-component system far from the critical goint.
I.f phase (42) and ( 4 6 A h , and vc"-can be determined directly from expe-A z is usually several times smaller than the average intermolecular
SURFACE A N D LINE CHARACTERISTIC I N STABILITY CONDITIONS
The condition of stable equilibrium of an arbitrary system was formulated by Gibbs as
where the volume constancy is meant generally as fixation of the external boundaries of the system. detailing condition (58), Gibbs came to the stability condition for bulk phases (ref. l9) were analysed later by the author. As it was shown, the conditions of thermal and material stability, (60) and ( 6 2 ) , maintain, but the nechanical stability condition takes another form when surface and line characteristics are taken into account. The fundamental equation for the energy of a heterogeneous system may be derived by summation of the corresponding equations for phases and interfaces which are well known for the state of equilibrium. de consider the case when phases and interfaces are internally equilibrium, but they are not in equilibrium with each other. Then we obtain the fundamental equation
where d is surface tension, A the dividing surface area (Gibbs' surface of tension is used as a dividing surface for curved interfaces), line tension, L and r are the length and the curvature radius of a portion of the dividing line, respectively. Summation is carried out over all elements of the system. Partial derivative a T / a r may be regarded as related to variation of the position of the dividing line at a fixed physical state of the system. The analogous term for is absent in eq. (63) because we refer d and A to the surface of tension for which a ??/2r = 0. For the dividing line, there also exists the notion of the line of tenElion for which a " / a r = 0 (ref. 11) . however, it is not certainty that the line of tension coincides with the intersection line of the surfaces of tension for different interfaces if they intersect. This intersection line is a natural dividing line in our consideration, so we have to set By differentiating, we obtain from eq. 163.) (65) and, in particular, to the condition of mechanical stability liowever, expression ( 6 6 ) is written correctly only under the condition that variables V,A,L, and r are independent. In practice, they are often related each to others due to, e.g., a given shape of a body or other restrictions. This is of no importance for the mechanical equilibrium condition following from (58) and (63) because of the invariancy of the first differential form. But if we differentiate ( 6 7 ) again, it is important to know whether quantities V,A,L, and r depend on e ch other or on o her quantities. If th2y prove to be lost in (66). That is why the mechanical stability condition should be written in a more general form as 
